Anaerobic digestion can utilize renewable resources to produce energy in the form of biogas. Cow manure inoculum contains the microorganisms needed for this application and unrecycled paper waste can be used as a substrate. The use of these feedstocks together is not well studied. Finding ideal operating parameters and modelling biogas production is vital for future integration of anaerobic digestion. The use of various models when examining anaerobic digestion is important to ensure the best models are used for future research and industrial applications. Office paper and cow manure were combined at the different substrate to inoculum ratios with a total solids content of 6% at 38.4°C for 15 days. Four models (Time-Lag, No-Lag, Modified Gompertz, and Modified Elniski et al.; JENRR, 3(4): 1-15, 2019; Article no.JENRR.52718 2 Logistic) were fitted to the experimental data to find which model best represented each biogas production process. Models varied in the accuracy of their fit to the data and no single model had the lowest RMSE values for each treatment. The digester containing a paper to manure ratio of 2:1 produced the most biogas (82 mL biogas/g VS), but the 5:1 reactor had the greatest biogas production potential over a longer period based on the model parameters (maximum cumulative biogas yield and biogas production potential). More biogas was produced in this study compared to other works reported in the literature, showing that this combination of co-digestion substrates could be expanded upon in the future. New models need to be examined or developed for these systems to better represent this co-digestion process for future research and commercial applications.
INTRODUCTION
The global demand for energy is rising while our supply of non-renewable fuels is diminishing [1] . Given that the use of fossil fuels and other nonrenewable compounds are currently the focal sources of energy on the planet [2] , new methods of meeting our energy needs that rely upon renewable resources must be found. Anaerobic digestion has been utilized in many countries as a means of generating heat, electricity, and fueling vehicles [3] . In Denmark, full-scale anaerobic digesters have been installed in the last thirty years to generate biogas from local organic waste in the surrounding areas [4] . In this process, a diverse community of microorganisms degrades complex organic matter into biogas in four stages [5] .
Anaerobic digestion begins with hydrolysis that degrades polymers, such as polysaccharides, into simpler monomers. Acidogenesis converts these compounds into acetate, carbon dioxide, hydrogen gas, carbonic acid, volatile fatty acids, alcohols, and other low molecular weight organics. Acetate, carbon dioxide, hydrogen gas, and carbonic acid can be used directly by methanogens to create biogas during methanogenesis, while the volatile fatty acids, alcohols, and other organics must be converted to a more usable form by acetogens during acetogenesis before their transformation into biogas by methanogens. This biogas typically contains 50-75% methane, 24-45% carbon dioxide, 2-7% water vapour, and other trace gasses such as hydrogen sulfide [5, 6, 7] . Biogas can be collected and used in energy plants, boilers, and other applications after some processing [8] .
Generally, anaerobic digestion requires a substrate and an inoculum source: the substrate provides polysaccharides, fats, lipids, and other compounds for the microorganisms in the inoculum (and their progeny) to use for their metabolic processes [5] . Sometimes, the substrate and inoculum are a single feedstock, such as animal manure, that can be used in anaerobic mono-digestion to produce biogas [5] . Generally, the inoculum source is combined with one or more substrates to anaerobically codigest multiple materials at once [9] . This not only improves biogas generation but it also provides a method of waste management for the substrates utilized in the digester [9, 10] .
A variety of substrates have been studied for use in co-digestion with animal manure. Manures from dairy cows and other cattle, pigs, chickens and other poultry, llamas, horses, goats, and sheep have been documented in numerous studies and reviews as both substrates and inoculum sources [3, 7, 11, 12, 13] . Other inoculum sources, such as sewage from municipal treatment plants, can also be used for anaerobic digestion studies, though these microbes act more as an inoculum than a substrate [14] . Manure is a plentiful waste that can be utilized for its nutrient (nitrogen) rich content, but can be an environmental pollutant if unmanaged [15] , it can increase the biochemical oxygen demand, nutrient levels, and pathogen content in adjacent ecosystems and water bodies, as well as release methane and carbon dioxide into the environment [15] . It has been found that using manure in anaerobic digesters not only produces valuable energy from the generation of methane, but it also provides an outlet for waste disposal that ultimately reduces the harmful effects the manure could have on the environment otherwise.
Substrates that are typically combined with animal manure for anaerobic co-digestion are plentiful and vast. These substrates include fruit and vegetable waste [12, 13] , the organic fraction of municipal solid waste [16] , and agricultural residues and energy crops [7, 12, 17, 18] . Another potential feedstock for anaerobic co-digestion that is rather understudied in comparison to other substrates is paper. Waste paper is an abundant substrate source available in many regions from schools, businesses, and other workplace dumpsites [10] . As such, unrecycled paper can be an environmental issue in many developing regions and small communities where proper disposal methods are not available [10] . Therefore, utilizing this resource for anaerobic digestion would have similar benefits to using animal manure in the same process: energy is being created and waste is being managed.
The use of paper for biogas production also has some unique advantages over other substrates. The use of agricultural residues and energy crops for biogas production has been a controversial topic in the recent discussion as this land (and the plants that are grown on it) could be used to meet the ever-increasing food needs of society instead of energy needs [19] . Paper, on the other hand, originates from trees harvested from managed forest plots that do not compete with farmland on such a large scale, therefore making it an appealing option for energy creation in place of the energy crop substrates.
Another benefit of using paper for biogas production, mainly office paper, is its lower degree of recalcitrance in comparison to other feedstocks. Recalcitrance is the plant's ability to resist chemical, physical, and enzymatic attack [9] . One of the main contributors to the recalcitrance of plant material is lignin, which is a complex polymer that is difficult for many microorganisms to degrade [9] . Office paper requires a certain degree of brightness for readability and colouring purposes, which necessitates delignification and deinking of the pulp used to make the paper [20, 21, 22] . Bleaching of the pulp used for paper production is used to achieve desirable brightness parameters. During bleaching, chemicals (such as peroxide or hypochlorite), heat, and sometimes pressure are used to delignify fibres [22, 23] . The chromophoric groups in lignin cause pulp to have a dark colour (generally brown) which inevitably produces a darker sheet of paper (such as the linerboard used to make cardboard boxes) [20, 23] . The destruction and removal of this lignin through the bleaching and rinsing process produce a bright pulp for papermaking that tends to remain bright over time [21] . The removal of lignin from the fibre complex makes cellulose more accessible for microbes and overall makes the substrate easier to degrade, as has been seen when comparing the microbial degradation of unbleached cardboard and bleached waste paper [24] .
Despite the potential benefits of using paper over other substrates in anaerobic co-digestion, research on this combination of substrates is incomplete. One area of interest concerns the ratio of paper and manure that is needed to produce the greatest volume of biogas per gram of volatile solids. Should there be more paper than manure? How much paper is too much paper? These are important questions that need to be answered to move forward with the application of this co-digestion technology on a larger scale.
Varying the amount of substrate and inoculum in the digester will affect the number of microbes available during the start of the digestion process and can also create unfavourable environmental conditions for the microbes in the reactor. One example can be seen in a study that examined the effect of adding paper substrate to a constant amount of cow manure inoculum and water hyacinth substrate in different ratios [25] .
Finally, the production of biogas from waste paper and cow manure has not been modelled in previous studies. Modelling is an important step in the analysis of the anaerobic digestion process as it can improve our understanding of biogas production and microbial activity present in these reactors. Through this, it becomes easier to predict the potential biogas generated from these systems and to detect abnormalities in the biogas production process. Further, models can be applied to the implementation of larger reactors in future integrations. This is especially useful when gradually increasing digester size to commercial levels. Finding models that represent the nature of the biogas production (such as the curvature of cumulative biogas generated over time) and applying these models to larger reactors or loads will allow engineers to see if similar trends in large scale production hold in comparison to the laboratory scale assessment. This information will improve digester designs and troubleshooting techniques. Through models, operators and engineers can compare previously collected data and models to the current production trends to better detect any deviations in the biogas generation process. Models can also be used to collect real-time production rates and extrapolate what the future trend in the biogas production might be. Plots of the derivatives of some models can depict daily biogas production rates and indicate when an operator might empty a batch reactor or adjust the feed-in continuous reactors. Therefore, it is important to find a model that not only fits the experimental data well but has manageable inputs for processing.
Various models have been used for describing anaerobic digestion. Some focus on the overall production of biogas [12, 26] while others target the kinetics of specific microorganisms in the digestate, such as methanogens [24] . Models vary in the complexity of inputs and parameters required for fitting the model curve to the experimental data, which can limit the likelihood of certain models being utilized in research and industry. For example, the IWA Anaerobic Digestion Model No. 1 lists five tables of input variables needed to generate a model simulation of the cumulative biogas production in a continuously stirred tank reactor [27] . These complex models require inputs, such as the concentration of individual microorganisms or the Volatile Fatty Acids (VFA) content of the digestate, that are not easily measured in a standard chemical lab. Therefore, simpler models with fewer inputs have been developed for modelling anaerobic digestion [12] .
There were two main objectives targeted in this study. The first sought to evaluate the effect of the substrate to inoculum ratio on the codigestion of office paper and cow manure. Ratios of 1:5, 1:2, 1:1, 2:1, and 5:1 were selected to find which of these ratios had the greatest cumulative biogas production per gram of volatile solids, with the expectation that increasing the substrate to inoculum ratio to 5:1 would hinder biogas production. The second objective sought to examine the ability of four models (used in other studies on similar anaerobic digestion systems) to fit the experimental data. The intent was to determine whether one of these models best represented all the different substrate to inoculum ratios in this study of co-digestion. These models could then be used in future applications that progressively increase the size of the digester until commercial-scale production is reached and to assist in the operation of these large-scale reactors.
MATERIALS AND METHODS
Dairy cattle manure and office paper were utilized as substrates in this study. Dairy cattle manure was obtained from the Dairy Complex of the State University of New York, in Morrisville, New York, USA. A ream of multi-use office paper made from 100% post-consumer recycled fibre was selected for the study. The manure was stored in a refrigerated cold room until incorporation into the digesters while the office paper was kept at room temperature until this time.
Six 1.0 L laboratory-scale batch digesters were constructed for this study as shown in Fig. 1 . The digestate volume in the digesters was 600 ml. Each flask was sealed with a rubber cork and several layers of Parafilm to maintain a tight seal. A pressure tube was placed through the cork and into the digestate to act as a pressure relief during the gaseous buildup. This tube was sealed with Parafilm as well to prevent atmospheric contamination. A second tube was connected to the cork and was used to sample biogas from the digester. Digesters were incubated in a hot water bath at 38.4 ± 0.9°C for the duration of the experimental trials. This temperature was chosen based on prior scoping work that evaluated the biogas production at different points in the mesophilic range and found 38.5°C to produce more biogas than its counterpart at 33.0°C. The biogas experiments were conducted in a laboratory with a room temperature of 20°C.
Biogas was drawn from the headspace of each reactor via the biogas line ( Fig. 1B) . The gas sampling tube contained cold tap water and biogas was measured by the displacement of the water into a graduated cylinder. Flasks were swirled before sampling. Once sampling was complete, the biogas line was sealed, and the digester was returned to the hot water bath for incubation. The digesters were left unstirred during the incubation period. Sampling occurred three times per day during the initial 3-5 days of each trial due to the buildup of biogas pressure in the flasks. After pressure lessened from lower biogas production rates, sampling was reduced to two times per day and ultimately, once per day when biogas production was extremely low. Incubation and sampling occurred for 15 days. Experiments were run in duplicate with different manure samples but the same paper feedstock.
The digesters were charged with wet cow manure from the cold storage room and office paper. The office paper was blended into a 5-6% pulp slurry using a Waring blender while the cow manure was sampled "as is". The cow manure and office paper were added in varying ratios while maintaining a total solids content of 6% in the individual digesters, based on previous work which indicated that 6% TS produced more biogas than its counterparts (4% and 5% TS), which was in line with another study using similar conditions [12] . The ratios were 0% TS paper and 6% TS manure (referred to as "0" or "Control"), 1% TS paper and 5% TS manure (1:5), 2% TS paper and 4% TS manure (1:2), 3% TS paper and 3% TS manure (1:1), 4% TS paper and 2% TS manure (2:1), and 5% TS paper and 1% TS manure (5:1). The substrates were mixed in the digester before sealing the flask. Afterwards, the headspace of the reactor was evacuated using the sampling procedure ( Fig.  1B ) and the flasks were placed in the hot water bath for incubation. Table 1 shows the moisture content and ash content determined for each of the substrates before fermentation. Ash content and volatile solids are expressed as fractions of the total solids. For office paper, modified versions of TAPPI standard methods T 412 were used 5 while maintaining a total solids content of 6% in the individual digesters, based on previous work which indicated that 6% TS produced more biogas than its counterparts (4% and 5% TS), which was in line with another study using similar
Fig. 1. Depictions of the experimental apparatus. A: Digesters during incubation. B: Biogas sampling of anaerobic digestion flasks with water column (gas sampling tube) and graduated
The ratios were 0% TS paper and 6% TS manure (referred to as "0" or "Control"), 1% TS paper and 5% TS manure (1:5), 2% TS paper and 4% TS manure (1:2), 3% TS paper and 3% TS manure (1:1), 4% TS paper and 2% TS manure (2:1), and 5% TS paper and e (5:1). The substrates were mixed in the digester before sealing the flask. Afterwards, the headspace of the reactor was evacuated using the sampling procedure ( Fig.  1B ) and the flasks were placed in the hot water Table 1 shows the moisture content and ash content determined for each of the substrates before fermentation. Ash content and volatile solids are expressed as fractions of the total solids. For office paper, modified versions of 2 were used [28, 29] . Similar procedures were followed for the cow manure. To determine moisture content, the different received feedstocks were dried in an oven at 105°C for three days. The loss in mass was attributed to moisture. The remaining solids were the total solids content (TS) of the feedstock. Ash content was determined by placing the oven-dried samples in a muffle furnace at 550°C for 24 hours. The change in mass was attributed to the volatile solids content (VS) of the material, which was ignite process. The remaining solids were the ash present in the sample.
Four models were examined in this study: the Time-Lag model [12] , the No-Lag model [12, 13] , the Modified Gompertz model [30] , and the Modified Logistic model [26, 30] . All models were applied to the data taken within the experimental time of fifteen days. The No-Lag model was developed originally to determine substrate biodegradability based on first-order kinetics [13] .
It is a relatively simple model with o parameters to determine the model curve: the ; Article no.JENRR.52718 [28, 29] . Similar procedures were followed for the cow manure. To determine moisture content, the different received feedstocks were dried in an oven at 105°C for three days. The loss in mass was attributed to moisture. The remaining solids the total solids content (TS) of the feedstock. Ash content was determined by dried samples in a muffle furnace at 550°C for 24 hours. The change in mass was attributed to the volatile solids content (VS) of the material, which was ignited during the process. The remaining solids were the ash Four models were examined in this study: the Lag model [12, 13] , the Modified Gompertz model [30] , and the el [26, 30] . All models were applied to the data taken within the experimental Lag model was developed originally to determine substrate order kinetics [13] . It is a relatively simple model with only two input parameters to determine the model curve: the 
Where y t represents the cumulative biogas production at time (t). The term k represents the rate constant associated with the degradation of volatile solids in the digestate and y m is the maximum volume of biogas per unit mass of volatile solids that can be created or generated.
A unique characteristic of this model is that it does not consider the potential lag-time associated with some anaerobic digestion data. The lag-time is a period in which biogas production is minimal while the microbial community in the digestate is establishing itself. This is by low biogas production initially after which biogas production increases rapidly. This increase continues until a certain time after which the biogas production starts to decrease and the cumulative biogas yield changes insignificantly. This is reflected in an "S-shaped" curve for cumulative biogas production when plotted as a function of time, which is typical in many anaerobic digestion systems [12] . The No-Lag model, however, cannot capture the "S-shaped" behaviour of the cumulative biogas production. However, if experimental data can be best described by the No-Lag model, it would indicate that the microbial community may be much faster at starting up and adjusting to the substrate in the digestate.
The Time-Lag model, on the other hand, was developed as an extension of the No-Lag model [12] . In this model, an additional input parameter, t incb or the incubation time, is included in the model equation, which is given by Equation 2:
With the addition of this parameter and change in the equation format, the Time-Lag model can capture the "S-shaped" nature of the cumulative biogas production curve [12] . Experimental data that can be represented by this model would indicate that the system does have a typical "Sshaped" curvature to it, which can be used in future applications to determine startup times and adjust reactor sequences accordingly so that a constant supply of biogas can be generated with multiple digesters. The rate of production of biogas, which is given by dy t /dt, would also show the rate of biogas production each day, which could indicate to operators using these digesters when batch systems need to be purged or new material needs to be added, as previously mentioned.
The Modified Gompertz model and the Modified Logistic model also capture the "S-shaped" nature of some anaerobic digestion systems. These two models are more popular as they have been in use for decades while the Time-Lag model is a recent development. These models were first used as growth curves in a wide range of applications, such as fisheries, crops, and biology to map the growth of various biological species, from human to microbial populations [26] . These growth curves also show "S-shaped" curvature including lag, growth, and asymptotic phases [26] . The original Gompertz and Logistic models tend to represent the number of microorganisms in the system and their subsequent growth. They do not include substrate degradation as one of the factors contributing to system behaviour. As is, the model equations for the Gompertz and Logistic models are not as informative and relevant to microbiology and anaerobic digestion. To address this, the generic model equations have been modified to contain parameters that are microbiologically relevant [26] . This produces the following model Equations 3 & 4:
Modified Gompertz:
Modified Logistic:
Like the Time-Lag and No-Lag models, the only inputs are time (t) and the biogas production at time t (y). The parameter A represents the biogas production potential of the system (in mL biogas/g VS). This is not unlike the y m parameter of the other two models, which show the maximum cumulative biogas that the system could make. The Modified Gompertz and Modified Logistic models also have a lag-time factor, noted in these equations as λ. Finally, µ m indicates the maximum biogas production rate (mL biogas/g VS/day). This is a unique parameter that references the maximum rate as opposed to the daily biogas production rates. The actual curvature of these two models is very similar, though the Modified Logistic model never crosses the origin of the axes while the Modified Gompertz model does have that potential. This can alter the fitting accuracy of the models when comparing them to experimental data. The Modified Gompertz model appears to be more flexible in the curvature it represents whereas the Modified Logistic model tends to depict the same "S-shaped" nature with a very flat "die One of the key differences in comparing and using these models will be the model parameters and the overall shape of the curve that these models are trying to show. Model parameters included the biogas production potential of the system ( maximum biogas production rate (µ phase (defined as λ in these models). Fits were 7 he origin of the axes while the Modified Gompertz model does have that potential. This can alter the fitting accuracy of the models when comparing them to experimental data. The Modified Gompertz model appears to be more ents whereas the Modified Logistic model tends to depict the same shaped" nature with a very flat "die-off" phase. One of the key differences in comparing and using these models will be the model parameters and the overall shape of the curve that these Lag model curves were determined by plotting the experimental data against one of the model equations and altering ) until the maximum R 2 value was reached for the linear trendline of the plot with the slope of the line giving the maximum ) [11] . However, while the Modified Gompertz model and the Modified Logistic model share similar inputs as the Time-Lag models, these models required ssion through the Solver Tool in Microsoft Excel for determining the model parameters that best fit the experimental data. Model parameters included the biogas production potential of the system (A), the µ m ), and a lag in these models). Fits were based upon minimizing the sum of the square of errors between the experimental cumulative biogas volume and that calculated from the model formulas.
RESULTS AND DISCUSSION

Biogas Production
As hypothesized, Fig. 2 shows, that each digester that contained office paper for co digestion with cow manure produced more biogas than the monodigestion of cow manure. The results of the duplicate trials were averaged for comparison and model application of paper to manure that generated the most biogas was the 2:1 digester (4% paper TS and 2% manure TS). The data showed that the 1:1 digester also produced a nearly equivalent amount of biogas as the 2:1 reactor did, but this was due to an increase in the biogas generation in one replicate while the other did not express this jump in biogas production. Following the trend of what would be expected for this digester as the biogas production rate decreased over a period of several days, it can be c the 1:1 ratio most likely would have "flat the death-phase of the microbial system, as was demonstrated by the 1:5, 1:2, and 2:1 flasks towards the end of the digestion process.
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RESULTS AND DISCUSSION
As hypothesized, Fig. 2 shows, that each digester that contained office paper for codigestion with cow manure produced more biogas than the monodigestion of cow manure. of the duplicate trials were averaged for comparison and model application. The ratio of paper to manure that generated the most biogas was the 2:1 digester (4% paper TS and 2% manure TS). The data showed that the 1:1 digester also produced a nearly equivalent amount of biogas as the 2:1 reactor did, but this ase in the biogas generation in one replicate while the other did not express this jump in biogas production. Following the trend of what would be expected for this digester as the biogas production rate decreased over a period of several days, it can be concluded that the 1:1 ratio most likely would have "flat-lined" in phase of the microbial system, as was demonstrated by the 1:5, 1:2, and 2:1 flasks towards the end of the digestion process. digestion of office paper and cow manure. "M" stands for manure and "P" stands for paper. The percentages refer to the total solids of each The trend in biogas production among different ratios of office paper to cow manure agreed with the hypotheses that adding paper to cow manure would generate more biogas per gram of volatile solids than cow manure alone and that biogas production would increase as more paper was added to the system until a paper to manure ratio of 5:1 was reached after which a decrease in biogas production would be seen. Biogas production per gram of volatile solids increased with the addition of paper up to the 2:1 substrate to inoculum ratio and decreased when the ratio reached 5:1. This trend is comparable to another study [25] , where the paper content in digesters with constant cow manure and water hyacinth masses was examined, as previously mentioned. One potential cause for this reduction in biogas production is the change in viscosity of the digestate with the addition of paper- (Fig. 3) . The length and agglomerating nature of the fibres, as well as their hydrophilicity, causes water absorption when hydrophobic lignin is absent to repel the water [8] . This reduces the amount of water available for microorganisms in the digestate as it is "stuck" in the fibre matrix. This, in turn, makes the digestate very viscous. The microorganisms need moisture in the digestate to transfer and diffuse between cells for digestion and high viscosity fluids make mobility and diffusion difficult for microorganisms due to their small size [24] . impedes biogas production during the early 8
The trend in biogas production among the different ratios of office paper to cow manure agreed with the hypotheses that adding paper to cow manure would generate more biogas per gram of volatile solids than cow manure alone and that biogas production would increase as the system until a paper to manure ratio of 5:1 was reached after which a decrease in biogas production would be seen. Biogas production per gram of volatile solids increased with the addition of paper up to the 2:1 substrate to inoculum ratio and ed when the ratio reached 5:1. This trend is comparable to another study [25] , where the paper content in digesters with constant cow manure and water hyacinth masses was examined, as previously mentioned. One potential cause for this reduction in biogas roduction is the change in viscosity of the -derived fibres (Fig. 3) . The length and agglomerating nature of the fibres, as well as their hydrophilicity, causes water absorption when hydrophobic lignin is the water [8] . This reduces the amount of water available for microorganisms in the digestate as it is "stuck" in the fibre matrix. This, in turn, makes the digestate very viscous. The microorganisms need moisture in the digestate to transfer and diffuse compounds between cells for digestion and high viscosity fluids make mobility and diffusion difficult for microorganisms due to their small size [24] . This impedes biogas production during the early stages of digestion [21] . Over time, however, the cellulose chains are degraded by hydrolytic microbes. As the chains are shortened and the monomers disperse, more water becomes available for the microorganisms to use and the fibre network slowly disintegrates. This reduces the viscosity of the digestate and creates more favourable conditions for the microorganisms [24] . This, in combination with the lower number of microorganisms available in the digestate upon the start of the reactor (as this digester ha the lowest amount of manure), could explain the delay in the biomass degradation and biogas production process.
Biogas production from combining office paper and cow manure in this study are consistent with other studies examining the co-digestion of cow manure and wastepaper [10, 31] . Surprisingly, the maximum cumulative biogas generated in this study was greater than that reported in the literature (82 mL biogas/g VS compared to 44 mL biogas/g VS at a Standard Temperature and Pressure (STP) of 0°C and 1 atm). Even at the same substrate to inoculum ratio (1:1) as the referenced literature, this study produced more biogas per gram of volatile solids than that in the literature (76.2 mL biogas/g VS compared to 44 51 mL biogas/g VS at STP) [10] . This is intriguing considering one experiment used a continuously stirred tank reactor for digestion and produced less biogas per gram of volatile solids than this study, despite evidence that more frequent
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; Article no.JENRR.52718 stages of digestion [21] . Over time, however, the cellulose chains are degraded by hydrolytic microbes. As the chains are shortened and the monomers disperse, more water becomes available for the microorganisms to use and the ates. This reduces the viscosity of the digestate and creates more favourable conditions for the microorganisms [24] . This, in combination with the lower number of microorganisms available in the digestate upon the start of the reactor (as this digester had the lowest amount of manure), could explain the delay in the biomass degradation and biogas Biogas production from combining office paper and cow manure in this study are consistent with digestion of cow manure and wastepaper [10, 31] . Surprisingly, the maximum cumulative biogas generated in this study was greater than that reported in the literature (82 mL biogas/g VS compared to 44-51 mL biogas/g VS at a Standard Temperature and sure (STP) of 0°C and 1 atm). Even at the same substrate to inoculum ratio (1:1) as the referenced literature, this study produced more biogas per gram of volatile solids than that in the literature (76.2 mL biogas/g VS compared to 44-STP) [10] . This is intriguing used a continuously stirred tank reactor for digestion and produced less biogas per gram of volatile solids than this study, despite evidence that more frequent
The lightness of the flask represents the amount of paper in the system. Note the gas and water pockets that form after incubation (B) due to the water retention and nature of the paper fibres mixing during anaerobic digestion improves biogas production [32] . Perhaps the high total solids content of the reactors in these studies (21-24%) also negatively impacted or inhibited the biogas production from these systems. Increasing total solids in the digestate could impede the ability of the microorganisms to degrade the substrates by reducing water availability in the reactor should the viscosity of the reactor solution be increased at the same time [27] . This is a similar issue as the delay in the 5:1 reactor from the current study, although the total solids were much lower in this case. This would, therefore, be dependent more upon the characteristics of the paper substrates used regarding fibre length and dispersion, rather than the overall total solids content of the digestate. (Fig. 4 ). This indicates that this treatment (0% paper and 6% manure) would have a rather quick start and lacks the typical "S-shaped" curvature seen in archetypal anaerobic digestion data. This is further justified by the lag-time parameters calculated by the Modified Gompertz and Modified Logistic models; the control treatment had the lowest time-lag value in these models. While the Time-Lag model fit the 1:5, 1:2, and 5:1 digester data better than the No-Lag model, it did not have a lower RMSE than the other two models examined in this study.
Models
Overall, the Modified Gompertz model had the lowest average RMSE amongst the six treatments tested in this study (6.8%). As such, the Modified Gompertz model fit most of the experimental data better than any of the other models. This model had the lowest RMSE value for the 1:5, 1:2, 1:1, and 2:1 digesters ( Table 2 , Fig. 4) , demonstrating that the Modified Gompertz model is much more adaptable and versatile in this application than the other models, as noted when comparing the Modified Gompertz and Modified Logistic models earlier.
Regardless, this model does not fit 100% of the data 100% of the time. As previously shown, the manure monodigestion reactor data were best represented by the No-Lag model. The Modified Logistic model, on the other hand, had the second-best overall fit to the experimental data (8.7%) and fit the data from the 5:1 digester better than the other models examined in this study ( Table 2 , Fig. 4 ). This indicates that the eventual curve that shows the "die-off" phase of the 5:1 digester could have a more flat and rigid shape upon completion as opposed to the Modified Gompertz "die-off" phases, which allow for more flexibility in the slope of such lines. The fact that these two models fit most of the data also suggests that, excluding the manure mono-digestion trial that saw the lowest RMSE in the No-Lag model, co-digestion follows the "S-shaped" nature of anaerobic digestion.
Despite the differences in the accuracy of the model fits the experimental data, there are several commonalities between the four sets of model parameters. All four models predict that increasing the amount of paper added to the digester will increase the overall biogas that can be generated from the system. This conclusion suggests that the 5:1 digester has the greatest potential or predicted cumulative biogas production if time were to go to infinity. While the 5:1 digester did not make as much biogas as the 2:1 reactor (72 mL biogas/g VS versus 82 mL biogas/g VS) in fifteen days, visual inspection of the cumulative biogas curve from the experimental data (Fig. 2) suggests that the 5:1 digester had not yet reached its "dead-phase" where the biogas production drops to very low daily values and therefore still had the ability to generate more biogas in subsequent days. In comparison, it is evident that the 2:1 digester was reaching this "levelling-off" point at a much faster rate and would ultimately not be able to produce as much biogas as time progressed in contrast to the 5:1 digester. The 5:1 digester also had a slower start to biogas production than the other treatments, which is evident from both the visual cumulative data (Fig.  2. ) and the reports of rate constants and both lag times and maximum biogas production rates from the model parameters ( Table 2) . Given that the digester started with the lowest number of microbes in comparison to the others, this delay is expected. The 5:1 digester also had the highest paper content than any of the other systems. This provides a much greater a of accessible cellulose and other polysaccharides for decomposition than those reactors containing more partially-digested waste from the cow manure [21] . Partiallymanure is more difficult to anaerobically digest due to the lignin protecting the cellulose from microbial degradation and the more Comparison of model curves fit the experimental data (points). Numbers in parentheses are the RMSE values between the experimental data and model curve. The control represents a unit containing cow manure with no paper. The other treatments are listed in the ratio of paper to manure mixed into the substrate
The 5:1 digester also had a slower start to biogas production than the other treatments, which is evident from both the visual cumulative data (Fig.  2. ) and the reports of rate constants and both lag times and maximum biogas production rates parameters ( Table 2) . Given that the digester started with the lowest number of microbes in comparison to the others, this delay is expected. The 5:1 digester also had the highest paper content than any of the other systems. This provides a much greater amount of accessible cellulose and other polysaccharides for decomposition than those digested waste -digested cow manure is more difficult to anaerobically digest cting the cellulose from microbial degradation and the more-recalcitrant structure of the organics in the cow manure [9, 33, 34] . The combination of these factors suggests that the claim of the 5:1 digester having the greatest biogas production potential/maximum cumulative biogas production and the greatest lag time/lowest rate constant by the models is an acceptable conclusion.
There were a few limitations during this experiment that could have impacted the results of the study. The accumulation of biogas pressure was an issue in some of the flasks that threatened the seal of the rubber cork in the digesters. An abundance of gaseous pressure can harm biogas generation by the microbial community as well [35] , Physical limitations did not permit for release and measurement of this biogas for more than three times per day. Future ; Article no.JENRR.52718
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structure of the organics in the cow manure [9, 33, 34] . The combination of these factors suggests that the claim of the 5:1 digester having the greatest biogas production imum cumulative biogas production and the greatest lag time/lowest rate constant by the models is an acceptable conclusion.
There were a few limitations during this experiment that could have impacted the results of the study. The accumulation of biogas ressure was an issue in some of the flasks that threatened the seal of the rubber cork in the digesters. An abundance of gaseous pressure can harm biogas generation by the microbial community as well [35] , Physical limitations did d measurement of this biogas for more than three times per day. Future studies could circumvent this by having a continuous biogas sampling system [25] .
Another limitation of this study was pH and nutrient control. The design of the batch reactor used and its need to be under an anaerobic environment impeded the ability to take digestate samples and add pH and nutrient correcting parameters to the digestate. Seeing as the regulation of these parameters can have a positive impact on biogas production, it would be preferential if future endeavours also studied these parameters [5, 36, 37] , One solution is to use a digester that has a sampling port in the digestate that would allow for sampling of the digestate and possible injection of pH adjusting chemicals and nutrients as needed [38] .
Finally, the equipment available for this research only allowed for one replication of six digesters at a time, thereby limiting the number of replications for each manure sample that was taken from the Dairy Complex. As microbial communities can shift when exposed to environmental hazards and when sampled from different cows, using the same sample of manure at the same level of freshness is preferred to reduce any potential variability between manure samples. As such, it is suggested for future studies to either garner more equipment for concurrent duplicates or potentially freeze the cow manure to preserve the microbial community for future use [39, 40] .
CONCLUSION
After examining the co-digestion of office paper and cow manure for the effect of the substrate to inoculum ratio, with the paper being the substrate and manure being the inoculum, it can be concluded that there is an optimum ratio (2:1) that produces the most biogas in a short-term application. Increasing paper content to a ratio of 5:1 results in a decrease in the biogas generated from the system in the fifteen-day application. Over time, however, all four models examined in this study predict that the 5:1 reactor will generate the most biogas. This is supported by the visual inspection of the experimental data for the 5:1 curve which shows that this digester had not yet reached its "die-off" phase of the anaerobic digestion process. Therefore, an ideal substrate to inoculum ratio is dependent upon the length of the digestion period that is to be implemented in any given reactor. Future studies could examine this more closely and focus on the amount of time it takes for the 2:1 and 5:1 digesters to reach their "die-off" phase where biogas production is extremely low. Then, it would be of interest to compare the maximum cumulative volume of biogas sampled by these systems.
Just as there is uncertainty in which substrate to inoculum ratio is the best for the co-digestion of office paper and cow manure, the selection of an individual model to represent all the experimental co-digestion data is just as murky. While the Modified Gompertz model had the lowest average RMSE value amongst the model fits each treatment (indicating a better fit to the experimental data), this model outperformed the others with only four of the six treatments (1:5, 1:2, 1:1, and 2:1). The No-Lag model fit the cow manure mono-digestion trial the best while the Modified Logistic model best fit the 5:1 digester. While the Modified Gompertz model could be recommended for future use based on its average RMSE, it was not representative of all treatments in the experiment. Therefore, it would be better that future studies continue to evaluate multiple models and develop new models when processing co-digestion data as one model could fit a portion of their data better than other models.
The co-digestion of office paper and cow manure in this study was successful in generating more biogas per gram of volatile solids than previous studies, [10, 31] showing that this combination of substrates has potential in larger-scale applications. Future studies should focus on the effects of different types of printed waste papers or coated papers on the anaerobic digestion process. Paper such as newsprint, inkjet printer documents, "junk" mail, and magazines are ideal substrates to explore as these papers are a better representation of household paper waste than unprinted office paper. Evaluation of system modifications that are known to show improvements in the biogas production process, such as semi-batch feeding or continuous biogas draw, should also be studied to see the impact these modifications can have on the co-digestion of cow manure and office paper. Future studies should also try to employ digesters that have sampling and injection ports to monitor pH and nutrient levels, as well as additional replications of digester treatments under the same cow manure sample to reduce variability between manure samples.
Overall, the use of this co-digestion technology could help minimize manure and paper waste in many developing areas and small communities where waste management and disposal methods are inadequate. Further, it is a means for generating energy that is not reliant upon nonrenewable resources. While waste paper and cow manure are not the substrate combination that many would think of when pondering anaerobic co-digestion, and more research is needed to better define ideal digestion systems including substrate loading and inoculum ratio in respect to representative models, the codigestion of waste paper and cow manure has the potential to grow into useful tool for communities around the globe.
